Stat3␤ in modulating
). In contrast, only the Stat3␣ mRNA isoform was detected in livers of seven alternative amino acids followed by a termination codon. Thus, the resulting Stat3␤ protein lacks 55 amino Stat3␤ Ϫ/Ϫ mice ( Figure 2D , top, Stat3␤ Ϫ/Ϫ ), as would be expected if alternative splicing to the Stat3␤ isoform acid residues found at the carboxyl terminus of Stat3␣, including Ser727, whose phosphorylation stimulates were blocked. Moreover, the overall amount of Stat3␣ transcript was not significantly altered in Stat3␤ Ϫ/Ϫ mice, transactivation ( Figure 1A) .
To understand the origin of Stat3␤ transcripts, we first as compared to wild-type and with reference to ␤ actin transcripts ( Figure 2D , bottom). The absence of Stat3␤ scanned exon 23 for a possible intron-exon junction. In higher eukaryotes, splice acceptor sites are generally tanscripts in homozygous mutant mice was confirmed using an assay specific for the ␤ RNA isoform ( 3B, lanes 9-11) and diminished further in Stat3␤ Ϫ/Ϫ cells ( Figure 3B, lanes 15-17) . In contrast, when equivalent embryonic stem cell clones were used to obtain male, deficient MEFs, using a transient reporter assay under tional activity. We reasoned that a comparative analysis of global gene expression in these cells would reveal conditions of serum supplementation. Stat3-dependent promoters from the genes for ␣2-macroglobulin (␣2MG-the scope of this effect, identifying potential targets for direct or indirect regulation by Stat3␤. From wild-type luc), c-fos (c-fos-luc), and p53 (p53-luc) were tested, as well as an artificial promoter containing a single SIE site or Stat3␤-deficient MEF cells, maintained in 10% serum as in the transient transfection assays described above, (pSIE-luc). The activity of each promoter examined was substantially reduced in Stat3␤-deficient cells relative to probes were prepared and hybridized to oligonucleotide wild-type ( Figure 4A ). The observed reduction in Stat3-arrays containing 9977 functional probe sets. To minidependent promoter activity was the result of a specific mize differences resulting from intergroup variation, effect, since expression of the cotransfected Renilla lucRNA probes were prepared from pooled clones ( served over two weeks ( Figures 5A and 5B) . The wildinitial period, as ATN was undetectable in wild-type or Stat3␤-deficient mice that died by 30 hr after LPS chaltype and Stat3␤-deficient groups showed similar mortality over the first 48 hr, with all mice exhibiting profound lenge ( Figures 5E and 5F ). lethargy over the first two days. After the initial two-day period, however, a substantial fraction of the wild-type
Regulation of LPS-Responsive Genes by Stat3␤
The principal cause of ATN is ischemia of peripheral group recovered. Of the wild-type animals that remained alive at 48 hr after LPS, six of six that had received 250 organs, accompanied by hypotension and shock (Cotran et al., 1999). The presence of ATN in the LPS-chalg and four of seven that had received 500 g were still alive at 14 days. In contrast, the Stat3␤-deficient mice lenged, Stat3␤-deficient mice suggested that these animals may have suffered a more severe or protracted were less likely to recover: of the mutant animals still alive at 48 hr after LPS, three of seven in the 250 g period of shock than their wild-type littermates. Activated macrophages from Stat3␤-deficient mice and group and none of six in the 500 g group were alive at 14 days.
wild-type littermates produced similar levels of TNF␣, IL-1␤, IL-6, and IL-10 in response to LPS (data not Stat3␤-deficient mice that had died at about 96 hr after administration of LPS consistently exhibited severe shown), suggesting that the detection of LPS and the subsequent production of proinflammatory cytokines by acute tubular necrosis (ATN) in the kidney as well as general signs of septic shock, including thymic and hemacrophages is intact in the absence of Stat3␤. The normal responsiveness of Stat3␤-deficient macropatic necrosis. The ATN was characterized by multifocal, coalescing areas in the proximal tubules, where phages to LPS distinguishes these cells from their Stat3-deficient counterparts, which exhibit marked increases necrotic tubular epithelial cells had sloughed into the tubular lumen. Basement membranes of the affected in LPS induction of TNF␣ and IL-6 (Takeda et al., 1999). We therefore considered that some detrimental effects tubules were exposed or partially covered by attenuated tubular epithelial cells. There were occasional mitotic of bacterial endotoxin might be sustained by the hepatic APR itself and that Stat3␤ might play a role in opposing figures within the remaining epithelial lumen, suggesting attempted regeneration ( Figure 5D ). By comparison, these effects. The effect of Stat3␤-deficiency on systemic inflammawild-type mice that had recovered and were sacrificed at 96 hr after LPS exhibited no evidence of ATN (Figure tion was therefore examined as part of a genome-wide analysis of the hepatic APR, details of which will be 5C). jected intraperitoneally with a sublethal dose of LPS, (Irfg15), and X-box binding protein 1 (Xbp1) have been shown previously to respond to inflammation. Other and RNA was harvested at various times up to 48 hr. These RNA samples were used to interrogate oligonuprominent functional groups include genes involved in intracellular sorting, cytoarchitecture, translational initicleotide arrays containing 12,488 probe sets. The time course experiment was replicated three times using ation, and protein degradation. In this set, 60 of the 64 genes were overexpressed in probes from independently injected mice.
Of 8717 markers scored as present in either wildthe Stat3␤-deficient animals, and many of these RNAs exhibited increased accumulation throughout the period type or mutant samples at one or more time points, 776 markers exhibited significant (p Ͻ 0.01) changes over of observation, even at zero time and at 48 hr, when expression of most markers had returned to baseline in time in wild-type or mutant animals. Within this group, which we term the LPS-responsive set, 63 genes exhibthe wild-type animals. The results obtained by microarray assay were confirmed by RT-PCR for three RNAs ited significant temporal changes in both genotypes. Most of these markers, which include genes for estabthat were overexpressed (Ifrg15, Gja1, and Spf45) and one RNA that was underrepresented (Pk-3) in livers of lished acute phase proteins such as serum amyloid A, orosomucoid, heparin cofactor II, manganese superoxStat3␤-deficient mice ( Figure 6B ). The bias toward overexpression of LPS-responsive genes in the mutant mice ide dismutase, and the serine protease inhibitor Spi2, had similar expression patterns in wild-type and Stat3␤-supported the proposition that Stat3␤ serves negative regulatory functions in the APR. deficient animals (see Supplementary Data at http:// www.cell.com/cgi/content/full/108/3/331/DC1).
If Stat3␤ were to act in this way, then its contribution to total Stat3 activity, relative to that of Stat3␣, would To assess the specific contribution of Stat3␤ to the hepatic acute phase response, we interrogated the LPSbe expected to change in the course of the response. To test this possibility, we monitored accumulation of responsive set of 776 markers for genes whose expression in wild-type and Stat3␤-deficient mice differed Stat3␤ transcripts in wild-type mice after LPS administration. While the total amount of Stat3 RNA was nearly significantly (p Ͻ 0.01). The number of genotypically differential genes obtained, 128, was substantially constant over the course of the experiment, the steadystate level of Stat3␤ RNA increased sharply by 3 hr after greater than that expected at random (0.01 ϫ 776 Ͻ 10). Of particular importance is the fact that the directionality LPS administration, diminishing somewhat by 24 hr but remaining elevated above baseline even at 48 hr (Figure of the genotypic difference was left unspecified by the interrogation, allowing us to assess trends in the data 6C). A parallel assay of Stat3 protein yielded similar results (data not shown). Taken together, our observawithout prejudice. In fact, a striking bias in the expression of these genes was observed, with the overwhelmtions indicate that Stat3␤ negatively regulates a subset of LPS-responsive genes in liver and suggest that this ing majority (124/128) exhibiting increased accumulation in the Stat3␤-deficient animals, relative to wild-type.
function is important for recovery from endotoxic challenge. In most instances these transcripts were overexpressed at baseline and overinduced by LPS.
The group of genotypically differential markers inDiscussion cludes 65 known genes ( Figure 6A The murine response to LPS can be divided temporally into two stages: one leading to the production of is unable to stimulate transcription of IL-6-responsive genes in transfected cells under conditions in which proinflammatory cytokines and the other involving the ). This dis-nome Systems) by electroporation (0.23 kV, 500 F, BioRad). Transmeasure transfection efficiency. Luciferase activity was assayed 48 hr after transfection. fected cells were cultured in the presence of G418 (300 g/ml) for 10 days. G418-resistant clones were screened for homologous recombination by Southern hybridization, and mutation was conHistological Analysis firmed by DNA sequencing.
Mice were fixed in 10% buffered formalin for several days before ES cell clones bearing correctly mutated Stat3 were transfected embedding in paraffin. Sections (5 m) were stained with hematoxywith 50 g of the cre expression plasmid pOG231 (gift of Steve lin and eosin. O'Gorman, Salk Institute) and cultured in the presence of 2 M gancyclovir; resistant clones were screened for excision of loxP-LPS Administration neo-TK-loxP by Southern hybridization. ES cell clones scoring posiMice (13-15 weeks old) were injected intraperitoneally with 250 or tive for excision were injected into C57BL/6 blastocysts. Chimeric 500 g lipopolysaccharide (E. coli strain 0111:B4, DIFCO Laboramice were backcrossed to the C57BL/6 strain, and germline transtories) in 100 l saline solution as described (Pfeffer et al., 1993 age differences associated with transcripts judged to be present in 1994) and maintained in DMEM containing 10% FBS, penicillin/ the RNA pools were further analyzed using GeneSpring 4.0 (Silicon streptomycin (50 g/ml), and 2 mM L-glutamine. Primary hepatoGenetics). The signal intensity of each probe was normalized to the cytes were prepared from livers as described (Hsiao et al., 2000) median value of all intensities measured in the corresponding array. and cultured in William's E medium containing 10% heat-inactivated These array-normalized intensities were further normalized to the fetal bovine serum, 10 mM glucose, 10 mM HEPES (pH 7.55), 0.04% median of all array-normalized intensities determined for that gene sodium bicarbonate, penicillin/streptomycin (50 g/ml), insulin (0.5 over all hybridizations. Statistical comparisons of normalized wildg/ml), and 1 nM dexamethasone. type and mutant intensities were performed using Welch's approximate t test with a significance cut-off of p Ͻ 0.05 (MEF) or p Ͻ Immunological Detection of Stat3 Protein 0.01 (liver). Hierarchial clustering was performed using the Pearson MEF cells were incubated overnight in DMEM containing 0.5% FBS correlation coefficient as a distance metric. before stimulation for 15 min with LIF (10 ng/ml), OSM (10 ng/ml), IL-6 (10 ng/ml), IFN␥ (10 ng/ml), or EGF (100 ng/ml). Cells were lysed Acknowledgments in RIPA buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 0.1 mg/ml PMSF, 1 mM DTT, 1
We thank Mitra Cowan of the Johns Hopkins Transgenic Core FacilmM orthovanadate, 5 g/ml aprotinin, 2 g/ml pepstatin, and 5 ity, the Howard Hughes Medical Institute Biopolymers Laboratory g/ml leupeptin). , 1991) . Specific binding to an SIE element was assayed as described (Park et al., 1996) . In References some experiments, 1 g antibody against Stat3 (Upstate Biotechnology), Stat1 (Santa Cruz), or normal rabbit IgG (Sigma) was added Akira, S., Nishio, Y., Inoue, M., Wang, X.J., Wei, S., Matsusaka, T., to the reaction after 15 min, and incubation was continued for an Yoshida, K., Sudo, T., Naruto, M., and Kishimoto, T. 
